Abstract Extracellular heat-shock protein 72 (eHsp72) expression during exercise-heat stress is suggested to increase with the level of hyperthermia attained, independent of the rate of heat storage. This study examined the influence of exercise at various intensities to elucidate this relationship, and investigated the association between eHsp72 and eHsp27. Sixteen male subjects cycled to exhaustion at 60% and 75% of maximal oxygen uptake in hot conditions (40°C, 50% RH). Core temperature, heart rate, oxidative stress, and blood lactate and glucose levels were measured to determine the predictor variables associated with eHsp expression. At exhaustion, heart rate exceeded 96% of maximum in both conditions. Core temperature reached 39.7°C in the 60% trial (58.9 min) and 39.0°C in the 75% trial (27.2 min) (P<0.001). The rate of rise in core temperature was 2.1°C h −1 greater in the 75% trial than in the 60% trial (P<0.001). A significant increase and correlation was observed between eHsp72 and eHsp27 concentrations at exhaustion (P<0.005). eHsp72 was highly correlated with the core temperature attained (60% trial) and the rate of increase in core temperature (75% trial; P<0.05). However, no common predictor variable was associated with the expression of both eHsps. The similarity in expression of eHsp72 and eHsp27 during moderate-and high-intensity exercise may relate to the duration (i.e., core temperature attained) and intensity (i.e., rate of increase in core temperature) of exercise. Thus, the immuno-inflammatory release of eHsp72 and eHsp27 in response to exercise in the heat may be duration and intensity dependent.
Introduction
Thermotolerance during a prolonged acute bout of exercise in the heat is characterised by the heat-shock response and adaptations associated with heat acclimation. The heatshock response confers transient thermal tolerance, in part due to the expression of heat-shock proteins (Hsps). These highly conserved ubiquitous stress proteins are found in all eukaryotes and prokaryotes, and are synthesised by the cells of an organism in response to a variety of stimuli, including heat, oxidative, metabolic and chemical stress (Welch 1992; Morimoto et al. 1994) . The classification of Hsps is based on function and molecular mass, ranging from 8 to 110 kDa (Schlesinger 1990; Welch 1992) . This includes the constitutively expressed and stress-inducible Hsp70 family. Hsp72 in particular is responsive to heat stress and exercise (Locke 1997) . Its extracellular expression (eHsp72), measured in plasma and serum, has been suggested as a potential signal, triggering innate immunity and stimulating the release of proinflammatory cytokines (Pockley et al. 1998; Asea et al. 2000; Njemini et al. 2003; Pockley et al. 2003; Njemini et al. 2004; Asea 2005; Noble et al. 2008) . In humans, the contracting muscles do not appear to be a source of eHsp72 (Febbraio et al. 2002a) , whereas the brain and hepatosplanchnic tissues are capable of releasing Hsp72 in the systemic circulation (Febbraio et al. 2002b; Lancaster et al. 2004) . Walsh et al. (2001) first demonstrated an increase in eHsp72 following a 60-min treadmill run in humans at 70% of maximal oxygen uptake (V Á o 2 max ) in temperate conditions. Since then, others have also observed the upregulation of eHsp72 expression after prolonged exercise (Febbraio et al. 2002b ), which appears to rely on the duration and intensity of exercise (Fehrenbach et al. 2005) . Under conditions of heat stress, eHsp72 increases markedly during exercise (Marshall et al. 2006) . The level of increase may be associated with the rise in core temperature, as walking to an end-point core temperature of 38.5°C in conditions eliciting high and low rates of heat storage resulted in a similar eHsp72 response . However, the similarity in eHsp72 concentration between conditions may relate to the relatively low intensity of exercise and minimal increase in core temperature. Regardless, these observations are supported by previous findings showing a stronger relationship between eHsp72 and final core temperature, compared with the rate of heat storage (Ruell et al. 2006 ). Measures taken 24 h postexercise underscore the transient nature of this increase with a return in eHsp72 to basal levels (Walsh et al. 2001; Fehrenbach et al. 2005) .
Similarly, Hsp27, a smaller member of the Hsp family, confers cellular protection and also rapidly returns to basal levels once the homeostatic challenge has been removed (Arrigo 2007) . This allows for the overexpression of Hsp27 when cytoprotection is required (Concannon et al. 2003) . Accordingly, extracellular (eHsp27) levels increase markedly in the venous blood of healthy human subjects following maximal cycling exercise in thermoneutral conditions (Jammes et al. 2009 ). Significant eHsp27 increases are also noted in response to exhaustive hand grip exercise under hyperoxic conditions (Brerro-Saby et al. 2010) , which indicates that both eHsp72 and eHsp27 expressions are upregulated under physiological stress.
Interestingly, it has been suggested that eHsp72 concentration may serve as an aid in the diagnosis of exertional heat-related illnesses. Ruell et al. (2006) observed that early clinical signs of heat stroke (i.e., neurological dysfunction) were associated with higher levels of eHsp72 immediately following a 14-km running event. Recently, it was proposed that elevated levels of eHsp70 during exercise and the increased release of eHsp70 from lymphocytes during high-intensity exercise may induce a sense of fatigue in the central nervous system (CNS) (Heck et al. 2011) . However, the relationship between eHsp72 and exhaustive exercise in the heat at different intensities, which may elicit various rates of expression, is not well understood. Moreover, the association between eHsp72 and eHsp27 concentration remains largely unexplored.
Therefore, the purpose of this study was to (1) investigate the relationship between eHsp72 concentration and exercise to exhaustion in a hot environment at moderate and high intensities, and (2) determine whether eHsp72 and eHsp27 follow a similar pattern of expression. Measurements of eHsp were performed prior to exercise, immediately on reaching exhaustion and 24 h post-exercise. It was hypothesised that eHsp72 levels would differ between intensities at exhaustion because of the attainment of a higher core temperature in the moderate exercise trial. It was further hypothesised that a similar pattern of expression would characterise eHsp72 and eHsp27 concentrations at exhaustion.
Methods

Subjects
Sixteen healthy male subjects unacclimatized to heat participated in this study. Experimental protocol Subjects presented to the laboratory 60 min prior to testing at the same time of day, on two occasions separated by 4 to 7 days. Before each visit the subjects were asked to refrain from strenuous exercise and avoid the consumption of caffeine and alcohol for at least 24 h. Upon arrival, subjects were asked to empty their bladder, were weighed and inserted a rectal thermistor probe. They then sat resting in a thermoneutral environment while being instrumented. A cannula was inserted into a ventral forearm vein to collect a resting blood sample before the subjects entered the climate chamber. The cannula remained in the vein until completion of the trial and was systematically flushed with saline after sample collection to maintain patency. After instrumentation, the subjects entered the climate chamber, were weighed, and mounted the cycle ergometer. They were then instructed to exercise until exhaustion in a hot environment (40°C, 50% RH) with convective airflow of 4.17 ms −1 . The experimental trials were randomly assigned and required subjects to cycle at 60% and 75% V Á o 2 max . All subjects were instructed and encouraged to exercise for as long as possible while unaware of heart rate and time. Exhaustion was defined as the point at which (1) a subject volitionally terminated exercise, or (2) power output could no longer be maintained at a cadence above 60 rev min −1 . In compliance with ethical approval, exercise was terminated if a subject attained a rectal temperature of 39.9°C.
Exercise measurements
Expired respiratory gases during the V Á o 2 max protocol were collected for 1 min using the Douglas bag method and analysed for fractions of O 2 and CO 2 using zirconium cell-based sensors (Pm1111E and IrI507, respectively; Servomex, Sugar Land, TX, USA). Expiratory volumes were determined using a dry gas meter (Harvard, UK) and standard temperature, pressure and dry gas values were calculated according to corrected barometric pressure and temperature. During the experimental trials, heart rate was monitored telemetrically and recorded continuously with a Polar transmitter-receiver (T-31 Polar Electro, Lake Success, NY, USA). Rectal temperature was also measured continuously and logged on a portable data logger (T-Logger, University of Sydney, Australia) by a thermistor probe (YSI 400 series, Mallinckrodt Medical, MO, USA) inserted to a depth of 12 cm past the anal sphincter. The T-Logger was calibrated before and after the study within a temperature range of 20°C to 45°C. The rectal temperature area under the curve (AUC) was calculated using a modification to the trapezium rule (Hubbard et al. 1977 ) when rectal temperature exceeded 38.5°C (Cheuvront et al. 2008) . It was calculated as:
38:5 C at end of interval . Ratings of perceived exertion (RPE) (Borg 1982) and thermal comfort (Bedford 1936) were recorded every 10 min. During each trial, subjects were permitted to drink ad libitum. A 24-h food diary was kept and subjects were asked to replicate their diet before each exercise trial. Changes in body mass were determined at the conclusion of each trial (Pugh et al. 1967 ) and corrected for moisture loss due to the exchange of O 2 and CO 2 (Mitchell et al. 1972) , fluid ingestion, and sweat trapped in clothing.
Haematological and biochemical measurements
Venous blood samples were collected at rest (pre-exercise control), after 10 and 30 min of exercise, at exhaustion (i.e., termination of exercise), and 24 h after exercise completion. They were immediately placed in EDTA and lithium heparin treated tubes on ice. Blood glucose and lactate concentration were measured in duplicate using the automated glucose oxidase and lactate oxidase methods, respectively (EML 105, Radiometer Pacific, Copenhagen, Denmark). Hematocrit and hemoglobin concentrations were measured on EDTA-treated blood (Sysmex KX-21 N, Kobe, Japan) to estimate percent changes in resting plasma volume (Dill and Costill 1974) . Further, EDTA-treated blood samples were centrifuged at 1,800 rev min −1 for 10 min at 4°C. The plasma was then removed and stored at −85°C until analysis. Plasma Hsp72 and Hsp27 were analysed using R and D Systems kits (DYC1663 and DYC1580 respectively, Minneapolis, MN, USA) according to manufacturer instructions and previous research (Molvarec et al. 2009 ). All measurements were made in duplicate. Plasma Hsp72/27 samples were diluted 1/5 and 1/10, respectively, in a solution of 1 mM EDTA, 0.5% Triton X-100 in PBS pH 7.4. The intra/inter-assay variability was 5/9% and 8/18% and the detection range of the assays were 0.15-10 and 0.03-2 ng/ml for Hsp72 and Hsp27, respectively. Malondialdehyde (MDA), a measure of lipid peroxidation, was estimated from a modification of the thiobarbituric acid-reactive substances (TBARS) assay described by Lawler et al. (1994) .
Statistical analysis
All statistical calculations were performed using PASW software version 18.0 (SPSS, Chicago, IL, US). A two-way (timeby-trial) repeated-measures ANOVA was performed to test significance between and within trials. Preceding any statistical analysis, all outcome variables were assessed for normality. Whenever outcome variables displayed departure from normality, logarithmic transformations were applied. Outcome variables were tested using Mauchly's procedure for sphericity. Whenever the data violated the assumption of sphericity, P values and adjusted degrees of freedom based on Greenhouse-Geisser correction were reported instead.
Where significant interaction effects were established, pairwise differences were identified using the Bonferroni post hoc analysis procedure adjusted for multiple comparisons. Multiple regression analysis was used with the enter method to determine predictors of exercise-induced increases in eHsp72 and eHsp27 concentrations. The significance level was set at P<0.05. All values are expressed as means ± SD.
Results
Exercise responses
Exhaustion in the 60% trial occurred at 58.9±10.9 min, and in the 75% trial at 27.2±9.0 min (P<0.001). During the 60% trial, three subjects had to be stopped on reaching the University of Sydney Human Ethics Committee rectal temperature limit of 39.9°C, whereas one subject terminated exercise prematurely in the 75% trial. Rectal temperature was similar at the onset of the 60% and 75% trials, 37.0± 0.3°C and 36.9±0.3°C, respectively. However, final rectal temperatures were different reaching 39.7±0.4°C (60%) and 39.0±0.5°C (75%) (P<0.001). The rate of increase in rectal temperature was 2.1±1.4°C h −1 greater in the 75% trial than in the 60% trial ( Fig. 1 ) (P<0.001). This rate of rise was paralleled in the heart rate response (Fig. 1) , which was strongly correlated with that of rectal temperature in both the 60% (r00.64) and 75% (r00.60) trials (P<0.001). On reaching exhaustion, heart rate in the 60% trial was 96.2± 4.0% of maximum, and in the 75% trial 99.5±1.9% of maximum (P<0.01). The calculated AUC was significantly greater in the 60% trial (17.0±9.0°C min −1 ) compared with the 75% trial (3.2±4.3°C min −1 ) (P<0.01).
RPE and thermal comfort are presented in Fig. 2 . Although initial ratings (10 min) and the rate of increase were significantly different between the 60% and 75% trials, final RPE and thermal comfort were similar on reaching exhaustion (P<0.005). Blood glucose measures decreased Fig. 1 Rate of increase in rectal temperature and heart rate during exercise to exhaustion at 60% and 75% V Á o 2 max in hot conditions (40°C and 50% relative humidity). Values are means ± SD for 16 subjects. *Significant difference between 60% and 75%, P<0.005 Fig. 2 Ratings of perceived exertion and thermal comfort during exercise to exhaustion at 60% and 75% V Á o 2 max in hot conditions (40°C and 50% relative humidity). Values are means ± SD for 16 subjects. *Significant difference between 60% and 75%, P<0.005 slightly at 10 min of exercise (4.5 ± 0.7 and 4.8 ± 0.6 mmol l −1 ) in both 60% and 75% trials compared with pre-exercise baseline (5.1±1.1 and 4.9±0.7 mmol l −1 ), and then increased on reaching exhaustion (5.0±0.7 and 5.7± 0.9 mmol l −1 ). Significant main effects of time (P<0.01) and condition (60% vs. 75%; P<0.05) were noted in blood glucose levels, but there was no difference between trials. Increases in blood lactate, while significantly different, were noted in both trials (P<0.001). In the 60% trial, pre-exercise blood lactate was 1.6±0.3 mmol l −1 , increasing to 3.9± 2.0 mmol l −1 at 10 min of exercise and 4.8±2.5 mmol l −1
at exhaustion (P<0.001). In the 75% trial, blood lactate increased from 1.7±0.6 mmol l −1 (pre-exercise baseline) to 9.2±3.9 mmol l −1 (10 min) and 10.9±4.8 mmol l −1 (exhaustion) (P<0.001). Percent changes in plasma volume calculations indicated a reduction at 10 min of exercise (−7.9±2.7% and −10.9±3.9%) and on reaching exhaustion (−8.8±3.7% and −11.4±4.4%) in both 60% and 75% trials, respectively (P<0.001). The decline in plasma volume was greater in the 75% trial (P<0.05). The percent change in body mass was minimal and similar between trials, 0.7±0.8% (60%) and 0.5 ±0.4% (75%).
Heat-shock protein and oxidative stress responses
The expression of both eHsp72 and eHsp27 increased significantly from pre-exercise baseline to exhaustion in the 60% and 75% trials ( Fig. 3 ; P<0.001). During the following 24 h, eHsp72 decreased to levels below baseline (P<0.05), whereas eHsp27 returned to basal levels. No difference was noted between the 60% and 75% trials in eHsp72 and eHsp27 concentration. There was a strong correlation between eHsp72 and eHsp27 in the 60% trial at all blood sampling time points, whereas in the 75% trial, correlations were observed at preexercise baseline and exhaustion ( Fig. 4 ; P<0.05). A significant decline in MDA was observed 24 h after exercise compared with pre-exercise and exhaustion values ( Fig. 5 ; P<0.001).
In the 60% trial, a significant regression analysis model emerged with eHsp72 expression (P<0.05). Rectal temperature and V Á o 2 max were significant predictor variables of eHsp72 expression with an adjusted R 2 00.33; rectal temperature β00.862, P00.016, and V Á o 2 max β0−0.914, P00.012. In the 75% trial, the rate of increase in rectal temperature was a significant predictor variable of eHsp72 expression with an adjusted R 2 00.219 and β0−0.52, P00.039. For the expression of eHsp27, blood glucose was a significant predictor variable in the 60% trial with an R 2 00.239 and β00.538, P00.032. No predictor variables were found for eHsp27 concentration in the 75% trial. In the 75% trial, V Á o 2 max was a significant predictor of MDA concentration with an adjusted R 2 00.351, β0−0.628, P00.009.
Discussion
The aim of this study was to determine the influence of exercise intensity on eHsp72 expression when cycling to exhaustion in a hot environment, and to elucidate the relationship between eHsp72 and eHsp27. As such, this study provides novel in vivo data of human plasma Hsp expression following exercise to exhaustion at moderate and high exercise intensities in the heat. In contrast to our hypothesis, no difference in eHsp72 concentration was observed between the 60% and 75% trials on reaching exhaustion, despite a rectal temperature difference of 0.7°C. However, a strong correlation was noted between eHsp72 and eHsp27 in both trials (Fig. 4) . The increase in eHsp72 was strongly correlated with the increase in core temperature in the 60% trial and with the rate of increase in rectal temperature in the 75% trial. These observations suggest that the release of eHsp72 and eHsp27 in response to an acute physiological challenge under heat stress may be both duration and intensity dependent.
The unique feature of the protocol utilised in this study was the use of two different exercise intensities in the heat eliciting distinct homeostatic disturbances (Fig. 1) . Essentially, the rate of increase in rectal temperature was manipulated, as was the temperature attained on exhaustion. Concomitantly, the development of metabolic and cardiovascular strain varied between exercise at 60% and 75% V Á o 2 max. Previous research has suggested that the expression of eHsp72 is a function of the core temperature attained following an acute bout of exercise, rather than the rate at which hyperthermia develops (i.e., the rate of heat storage) (Ruell et al. 2006; Amorim et al. 2008 ). Accordingly, a significant correlation has been noted between eHsp72 concentration and core temperature in athletes completing a race in cool environmental conditions (21°C, 33% RH and 28 km h −1 wind velocity) (Ruell et al. 2006) . It was further reported that while core temperature was not the sole factor mediating the rise in eHsp72 concentration, it accounted for 42% of the variance in eHsp measured immediately postrun. Others have noted that a treadmill walk in the heat to elicit a core temperature of 38.5°C via high (1.04 W m −2 min −1 ) and low (0.54 Wm
) rates of heat storage resulted in similar levels of eHsp72 concentration . Recently, Selkirk et al. (2009) observed a temperature-dependent increase in eHsp72 in endurancetrained subjects attaining a higher core temperature (39.7°C) during walking exercise to exhaustion in the heat, compared with sedentary-untrained subjects (39.1°C). Data from this Fig. 4 Correlations between plasma heat-shock protein 72 (eHsp72) and 27 (eHsp27) prior to exercise at 60% (white square) and 75% (black square) V Á o 2 max in hot conditions (40°C and 50% relative humidity), on reaching exhaustion and 24 h after exercise completion. Values are means ± SD for 16 subjects. *Significant correlation, P<0.05 study add to these observations by demonstrating that the increase in eHsp72 and eHsp27 is not exclusively mediated by a rise in core temperature during exercise in the heat, especially at a high intensity. This observation is reinforced by AUC calculations showing a greater interval time spent above a rectal temperature of 38.5°C in the 60% trial, but yielding a similar eHsp response to that noted in the 75% trial. Moreover, while rectal temperature was a significant predictor variable of eHsp72 concentration in the 60% trial, the rate of increase in rectal temperature was a strong predictor in the 75% trial. However, no common predictor variable was associated with the expression of both eHsp72 and eHsp27 in the 60% and 75% trials. Other variables associated with the increase in plasma Hsp were V Á o 2 max and blood glucose. In the present study, runners with a higher V Á o 2 max had lower eHsp72 levels at the end of exercise, whereas glucose appears to be important in regulating eHsp27 concentration.
To our knowledge, the influence of exercise intensity on plasma and serum Hsp72 in humans has only been investigated in cool climatic conditions (Fehrenbach et al. 2005) . It was shown that competitive aerobic exercise (i.e., a marathon) induces greater levels of eHsp72 compared with more intensive, shorter duration interval-type training. However, it was also demonstrated that exhaustive exercise at 80% V Á o 2 max induces greater levels of eHsp72 compared with exercise at 60% V Á o 2 max of the same duration. Thus, the exercise-induced increase in eHsp72 concentration was described as both duration and intensity dependent (Fehrenbach et al. 2005 ). Accordingly, the similar level of expression in eHsp72 and eHsp27 noted in this study during moderate and high intensity exercise, may relate to both duration (60% trial) and intensity (75% trial) (Fig. 3) . In the 60% trial, the increase in eHsp72 was correlated with the core temperature attained, whereas in the 75% trial, eHsp72 increased in response to the rate of rise in core temperature and enhanced metabolic demand. Although this study is limited by the lack of a condition in which exercise duration was matched between different exercise intensities, we speculate that eHsp72 and eHsp27 expression is duration and intensity dependent during exhaustive exercise under heat stress conditions. Based on cellular location, Hsp70 has both an anti-inflammatory (intracellular) and pro-inflammatory (extracellular) effect on leucocytes (Noble et al. 2008 ). In the extracellular milieu, Hsp72 is suggested to improve immune function. For example, it has been shown that the concentration of eHsp70 is highly correlated with oxidative stress, inflammation, cardiovascular, and pulmonary disease (Ogawa et al. 2008) , and that the artificial increase in eHsp70 via glutamine supplementation is associated with a reduced hospital treatment period in critically ill patients (Ziegler et al. 2005) . As such, an increase in eHsp72 may represent an important immuno-inflammatory response to protect the organism against physiological disturbances (Heck et al. 2011) . During the exercise recovery period, eHsp72 may remain elevated to limit the response time to a pathogenic challenge . Although the precise role of eHsp27 is less well defined, increases in the extracellular concentration of eHsp27 are also associated with elevations in oxidative stress (Brerro-Saby et al. 2010 ). An interesting finding was a reduced eHsp72 concentration 24 h following the cessation of exercise (Fig. 3) . A similar finding was noted in a previous study (Marshall et al. 2006) following exercise in the heat on two consecutive days. It was suggested that the lower resting concentration was due to an enhanced cellular uptake by cells unable to synthesis their own Hsps.
The correlation between plasma eHsp72 and eHsp27 may indicate a common mechanism of release (Fig. 4) . Although hepatosplanchnic and brain tissue remain the principle sources of Hsp72 release into the systemic circulation (Febbraio et al. 2002b; Lancaster et al. 2004) , it is suggested that exosomes, small vesicles secreted following the fusion of multivesicular bodies with the plasma membrane, provide the secretory pathway for cells to actively release specific Hsps during exercise (Lancaster and Febbraio 2005; De Maio 2011; Ogawa et al. 2011 ). An alternative mechanism of expression proposes that during exercise, eHsp72 is triggered by circulating ATP in the extracellular milieu (Ogawa et al. 2011) , potentially released during muscle contraction (Mortensen et al. 2009 ). Ultimately, the release of eHsp72 into the systemic circulation likely originates from several tissues and cell types, which could involve specific mechanisms of release and various inducing factors (Mambula et al. 2007) .
During exercise at both intensities, RPE and thermal comfort increased significantly until exhaustion (Fig. 2) . Such increases in RPE, in association with the rise in core temperature during exhaustive exercise in the heat, have previously been linked with the development of fatigue and alterations in cerebral activity (i.e., an increase in the α/β index), indicating suppressed arousal Nybo and Nielsen 2001) . However, the increased index was also correlated with the rise in heart rate, which might signal a cardiovascular limitation to exercise (Périard et al. 2011a, b) . Notwithstanding, the increased release of eHsp70 during exercise has recently been suggested to trigger the sensation of fatigue within the CNS (Heck et al. 2011) . It is proposed that CNS cells may take up circulating Hsp70, which in turn would act as a stressor or danger signal from peripheral cells, enhancing or initiating a greater sense of fatigue (Heck et al. 2011) . However, elevated levels of eHsp72 are associated with the rise in core temperature and a greater severity of the symptoms related to heat illnesses (Ruell et al. 2006) . Thus, if the release of eHsp70 was a CNS fatigue-signalling mechanism, it may be inferred that subjects would reduce their effort in conjunction with the development of the sensation of fatigue, avoiding a potentially life-threatening situation. It is also suggested that eHsp70 in export vesicles may have a different role depending on vesicle composition, source and cell target (De Maio 2011) . Perhaps a particular type of vesicle containing Hsp72 does trigger the sensation of fatigue. However, further research is required to analyse the composition of eHsp72, its expression and its concentration in different types of vesicles.
Lipid peroxidation, as reflected by circulating MDA, is indicative of free radical production. In a recent study, Jammes et al. (2009) observed a negative correlation between TBARS and eHsp72 or eHsp27 following incremental cycling to fatigue in temperate conditions. The association was noted when data from subjects suffering from chronic fatigue syndrome and healthy controls were pooled, and indicated enhanced post-exercise oxidative stress in those having the lowest eHsp response (i.e., chronic fatigue patients). In the current study, MDA did not increase during exercise in either condition, or correlate with either eHsp at exhaustion (Fig. 5) . The lack of increase during exercise reflects previous observations demonstrating an increase in MDA only during exhaustive maximal exercise, as compared to exercise at 40% and 70% V Á o 2 max (Lovlin et al. 1987 ). It has also been shown that eHsp27 concentration increases quickly in response to the combination of hyperoxia and maximal isometric exercise to fatigue, possibly to counterbalance the excessive production of reactive oxygen species (Wu 1995; Brerro-Saby et al. 2010) . Thus, the immuno-inflammatory release of eHsp27 occurs rapidly in venous blood after maximal exercise (Jammes et al. 2009 ), which corroborates that noted in the current study.
In summary, the present observations demonstrate the similarity in eHsp72 and eHsp27 expressions during exhaustive exercise at moderate and high exercise intensities in the heat. They also highlight the duration and intensitydependent nature of this expression. In the 60% trial, eHsp72 was associated with the rectal temperature reached at exhaustion, likely due to the more progressive development of hyperthermia (i.e., duration dependent). In the 75% trial, a relationship emerged between eHsp72 and the rate of increase in rectal temperature, possibly because of greater metabolic demand and energy conversion increasing rectal temperature (i.e., intensity dependent). Further research is required however to fully elucidate this relationship and determine the precise function and origin of each eHsp.
